Introduction Thermoreversible hydrogels have potential in spine research as they provide easy injectability and mild gelling mechanism (by physical cross-link). The purpose of this study was to assess the potential of thermoreversible hyaluronan-based hydrogels (HA-pNIPAM) (pNIPAM Mn = 10, 20, 35 9 10 3 g mol -1 ) as nucleus pulposus cells (NPC) carrier. Materials and methods Cytocompatibility (WST-1 assay), viability (trypan blue), morphology (toluidine blue), sulphated glycosaminoglycan synthesis (DMMB assay) and gene expression profile (real-time PCR) of bovine NPC cultured in HA-pNIPAM were followed for 1 week and compared to alginate gel bead cultures. The injectability and cell survival in a whole disc organ culture model were assessed up to day 7.
Introduction
Degeneration of the intervertebral disc (IVD) is recognized as a major cause of neck and low back pain. Current treatment options range from conservative strategies using medication and physical therapy to surgical procedures such as spinal fusion, disc arthroplasty and dynamic stabilization [1] . For early stages of degenerating discs, biological repair and regeneration techniques using anabolic factors, cells and biomaterials have been investigated in both in vitro and in vivo studies [2] [3] [4] [5] [6] . The aim of these interventions is to re-establish an extracellular matrix capable of fulfilling the mechanical requirements of absorbing and distributing loads while allowing for flexibility of the spinal column. For cell therapy, autologous disc cell implantation has been considered; potential limitations of this method are that nucleotomy is required and the cell activity of degenerating discs may be impaired. However, promising strategies to improve the activity of disc cells from patients such as co-culture with autologous mesenchymal stem cells have been demonstrated [7] [8] [9] . Direct implantation of mesenchymal stem cells-which are relatively easy to isolate from autologous bone marrow, adipose or other tissues-into degenerating discs has also shown regenerative effects [10] [11] [12] [13] . The appropriate carrier material for injection of cells and/or anabolic factors into the disc space is under extensive investigation. Various types of biomaterials have been suggested to support regeneration of the IVD and, in particular, of the nucleus pulposus (NP) tissue [2] . The main functions of the carrier material are to retain cells and/or biological factors, to present a suitable three-dimensional environment, to partially and temporally replace lost extracellular matrix and to provide mechanical support. Given that the healthy NP consists of a highly hydrated extracellular matrix, hydrogels offer most promise as suitable materials for NP regenerative therapy. Hydrogels comprising natural components of the extracellular IVD matrix, such as collagen and hyaluronan, have been widely investigated and have already been tested for in vivo cell therapy in animal models [14] [15] [16] . It has to be noted that hyaluronan is the main macromolecular component of the IVD and has previously been used alone or in combination with other natural or synthetic materials for IVD and more specifically for nucleus pulposus cells (NPC) culture and tissue engineering [17] [18] [19] [20] [21] . However, to date the hyaluronan hydrogels proposed in the literature do not allow for a fine tuning of the macromolecular architecture. This is now possible thanks to recent developments in material synthesis, including reversible addition-fragmentation chain transfer polymerization (RAFT) and ''click'' chemistry. The combination of RAFT to generate specific molecular weight polymers with the efficient coupling mechanism of ''click'' chemistry allows highly controlled formation of hyaluronan hydrogels with distinct physical properties. An important property for the applicability of a hydrogel into the disc is its viscosity and hence its injectability. A thermoresponsive hydrogel that behaves as an injectable solution at room temperature and will form a solid gel upon temperature elevation by implantation into the IVD appears particularly attractive [22] [23] [24] .
We have recently developed a set of cytocompatible hydrogels with thermoreversible properties by grafting poly(N-isopropylacrylamide) on a hyaluronan backbone (HA-pNIPAM) [25] . For NPC, the expression of the appropriate phenotype is a further fundamental requirement to assure the generation of an extracellular matrix that meets the specific mechanical demands of the tissue. The material is, therefore, expected to promote both re-differentiation of in vitro expanded NPC and activation of endogenous cells upon injection into the disc.
In this study, we tested the cytocompatibility of HApNIPAM hydrogels and their degradation products to NPC, as well as the viability and morphology of NPC cultured in the thermoreversible hydrogel beads in vitro.
Furthermore, glycosaminoglycan production and gene profile of NPC encapsulated in HA-pNIPAM were compared to a standard three-dimensional alginate hydrogel culture. Finally, the injectability and cell survival of NPC embedded in the optimized thermoreversible hydrogel were assessed in a whole organ culture model. Overall, our results confirm the feasibility of this thermoresponsive hyaluronan gel formulation for IVD regenerative therapy.
Materials and methods
Synthesis and characterization of thermoreversible hyaluronan grafted poly(N-isopropylacrylamide) (HA-pNIPAM) hydrogels Hydrosoluble hyaluronan propargylamide (HApa) was prepared from hyaluronan Streptococcus equi (HA) (Mn 1.7 9 10 6 g mol -1 measured using chemical assays) using an already established procedure [25] . The synthesis of azido terminated poly(N-isopropylacrylamide) (N 3 -pNI PAM) with Mn equal to 10, 20 and 35 9 10 3 g mol (measured by MALDI-TOF) was performed by RAFT homopolymerization. After dissolution of HApa in distilled water at 0.5% w/v, poly(N-isopropylacrylamide) grafted hyaluronan (HA-pNIPAM) was obtained by adding N 3 -pNIPAM (corresponding to 25% of all propargylamine modified disaccharide subunits) together with CuSO 4 Á5H 2 0 and ascorbic acid sodium salt. The obtained HA-pNIPAM polymers with pNIPAM molecular weight of 10, 20 and 35 9 10 3 g mol -1 were named HA-pNIPAM10, HApNIPAM20, HA-pNIPAM35, respectively. After dialysis against 0.1 M NaCl and water, the solutions were frozen at -80°C and lyophilized to constant weight [25] . All chemicals used for the syntheses were purchased from Sigma-Aldrich.
Complex viscosity (g*) and storage modulus G 0 of HA-pNIPAM solutions (with same HA content = 0.8% w/v) were analyzed using a CVOR-rheometer Bohlin instrument with Piezo rotary vibrator (PRV) option using a plate-plate geometry with silicon oil to avoid evaporation during measurements. The lower critical solution temperature (LCST) was measured using an UltravioletVisible spectrophotometer Lambda 12 (Perkin-Elmer) with a Peltier temperature control system and is further referred as gel point. Water retention was assessed by weight measures of the amount of water lost or gained by the different HA-PNIPAM after 1 h in a phosphate buffered saline (PBS) (pH = 7.4) bath at 37°C. Further details on the experimental techniques used for the characterization of the hydrogels are available elsewhere [25] . Cytocompatibility of HA-pNIPAM and its degradation products to bovine NPC Bovine NPC were isolated from the tails of young calves (4-6 months old) obtained from a local abattoir. Nucleus pulposus tissue was digested following an already established procedure [26] . Both the polymers and their degradation products were tested for cytocompatibility, as previously described [25] . Briefly, HA and HA-pNIPAM degradation products were prepared by enzymatic digestion with hyaluronidase (HAse) (type I-S, Sigma) (10, 50, 100, 500 or 1,000 U/mL), followed by heat inactivation. Polymers and degradation products were diluted in PBS (pH = 7.4) to prepare solutions with variable concentrations of hyaluronan (10, 20 , 100 or 200 lg/mL) and variable pNIPAM molecular weights (10, 20 or 35 9 10 3 g mol -1 ). For pNIPAM solutions, the amount of pNIPAM was equivalent to the one in HA-pNIPAM solutions. Deactivated HAse (10-1,000 U/mL) was also added as a control.
NPC were seeded in 96-well plates at a density of 2,000 cells per 100 lL of culture medium, composed of Dulbecco's modified Eagle medium (DMEM) containing 4.5 g/l glucose and supplied with 10% foetal calf serum (FCS) and 1% penicillin-streptomycin (P/S) (all products from Gibco). Cells were cultured at 37°C, 5% CO 2 , and 95% humidity. After 14 h, solutions of the polymers, the degradation products, or DMEM only (as positive control) were added (100 lL) and cells were cultured for additional 24 or 48 h. At each time point, viable cell number was determined by WST-1 assay (Roche Applied Science). Following medium removal, 100 lL of a 10% v/v solution of WST-1 reagent in DMEM supplemented with 0.5% FCS were added to each well. The absorbance at 450 nm was measured (at room temperature) with a multilabel plate reader (Victor 3, Perkin-Elmer) after 4 h of incubation at 37°C. Absorbance of the samples was normalized to the positive control (cells cultured in DMEM with 5% FCS).
NPC culture in HA-pNIPAM beads NPC isolated as previously described and expanded for 1 week were resuspended (3 9 10 6 cells/mL) in 10% w/v HA-pNIPAM20 and HA-pNIPAM35 solutions. NCP seeded HA-pNIPAM beads were formed by dropping the NPC suspension though a 3-mL syringe (without needle) in PBS at 37°C. NPC-seeded alginate beads were formed using a 18 G needle according to a well-established procedure [27] . Gel beads were transferred to 12 well plates and cultured for 1 week in DMEM-10% FCS with medium change after 3 and 6 days of culture.
NPC viability and morphology in HA-pNIPAM beads Cell viability was evaluated by live-dead (Invitrogen) and trypan blue exclusion assays at 1, 3 and 7 days of culture. Cells were collected by cooling the HA-pNIPAM beads at 4°C for 20 min. Alginate beads were dissolved using a sodium citrate solution [27] and resuspended in an equivalent volume of 0.9% w/v sodium chloride solution. For live-dead measures, a solution containing 5 lM of calcein AM and 1 lM of ethidium homodimer 1 (Molecular Probes) in DMEM was added in equal volume to the cell suspension. After 30 min of incubation, a 10 lL drop of cell suspension was viewed between two glass coverslips in a custom made holder with an inverted motorized optical microscope (Axiovert 200 M, Zeiss, Germany) equipped with a 59 objective (Zeiss), Axiocam HR camera (Zeiss) and filter sets #10 and #15 (Zeiss). The acquisition time was adjusted for each epifluorescence image. The red and green images were then combined using Axiovision 4.6.3 version software (Zeiss).
Samples for histology were embedded in cryo-embedding compound (OCT, Tissue-Tek) pre-warmed at 37°C and snap-frozen in liquid nitrogen. Cryosections (10 lm thick) were obtained using a microtome (HM 500 OMV, Microm, Germany). Sections were post-fixed with 4% buffered paraformaldehyde and stained with 0.5% toluidine blue. The sections were viewed in transmitted light under upright optical microscope (Axioplan 2, Zeiss, Germany) equipped with a 209 objective (Zeiss). The acquisition time was kept constant for all samples (100 ms).
DNA quantification and extracellular matrix synthesis of NPC in HA-pNIPAM beads After 1 and 7 days of culture, HA-pNIPAM and alginate beads were collected and digested with a 0.5 mg/mL proteinase K solution (Roche Applied Science) at 56°C overnight. The sulphated glycosaminoglycans (GAG) and DNA content were quantified by 1,9-dimethylmethylene blue (DMMB) (Sigma-Aldrich) and PicoGreen (Invitrogen) assays, respectively. Nucleus pulposus tissue obtained from tails of 4-6 months old calves was analysed for DNA and GAG with the above-described methods and used as reference.
Gene expression of NPC cultured in HA-pNIPAM beads Total RNA was extracted from homogenized constructs (TissueLyser, Qiagen) with TRI reagent (Molecular Research Center) and further purified using the NucleoSpin RNA isolation kit (Macherey-Nagel) according to the manufacturer's instructions. Reverse transcription was performed using TaqMan Reverse Transcription kit (Applied Biosystems). Real-time polymerase chain reaction (RT-PCR) was performed with a SDS7500 instrument (Applied Biosystems) to assess the gene expression of NPC cultured in the hydrogel beads. Markers for extracellular matrix such as collagen I (COL1A1), collagen II (COL2A1), aggrecan (ACAN) were investigated together with the catabolic markers matrix metalloproteinase 3 and 13 (MMP3 and MMP13) and a disintegrin and metalloproteinase with thrombospondin motifs 4 and 5 (ADAM-TS4 and ADAMTS5), and the anabolic markers tissue inhibitor of metalloproteinases-1 and 3 (TIMP1 and TIMP3) and hyaluronan synthase 1 and 2 (HAS1 and HAS2) ( Table 1 ). Ribosomal 18s RNA was used an endogenous control [28] . The relative gene expression, normalized to the expression levels of subcultured NPC after expansion, was calculated using the DDC t method.
Injectability of NPC suspended in HA-pNIPAM Cells were labelled with PKH26 red fluorescent dye (Sigma) and suspended in either a 10% w/v HA-pNIPAM solution in PBS or a 1.2% w/v alginate solution in 0.9% w/v NaCl at a density of 3 9 10 6 cells/mL. The cell suspension in HA-pNIPAM was slowly injected through a 22-G needle in the culture medium (DMEM-10% FCS) at 37°C. Alternately, alginate beads formed by dropping the cell suspension in a calcium chloride solution using a 22-G needle were washed in sodium chloride and then transferred to the culture medium. Cell viability was assessed by calcein AM staining at 24 h after injection (n = 3). Cells were observed with an inverted optical microscope according to the above-described procedure.
NPC seeded HA-pNIPAM culture in a whole organ culture model Bovine IVD were dissected from the tail of young calves (4-6 months); cutting through the endplates was performed using a band saw. The endplates (*1 mm thickness) were rinsed with Ringer solution using a Pulsavac jet-lavage system (Zimmer). After washing the discs in a 10% penicillin-streptomycin solution, the discs were punched (Kai Medical, biopsy punch diameter = 3.5 mm, cutting length = 7 mm) on the lateral side. Freshly isolated bovine NPC were labelled with PKH26 red fluorescent dye (Sigma) according to the manufacturer's instructions and suspended in 10% w/v HA-pNIPAM solution in PBS at a density of 3 9 10 6 cells/mL. Approximately, 50 lL of cell suspension was administered into the IVD defect (n = 3). The defect was then closed by press-fitting a 5 mm diameter annulus fibrosus plug (obtained from another IVD). The discs were then kept at 37°C for 1 h for gelation prior to transferring them to a DMEM-10% FCS solution. Medium was changed every second day. After 1 and 7 days of culture, the discs were cooled to 4°C. The liquefied cell suspension was collected out of the punched defect into an Eppendorf tube and an equal volume of a solution containing 5 lM of calcein AM and 1 lM of ethidium homodimer 1 in DMEM was added. Images were taken using an inverted motorized microscope according to the above-described procedure.
Statistical analysis
For cytocompatibility, NPC from three different animals were used and each experiment was performed in quadruplicates. One-way analysis of variance (ANOVA), followed by post hoc test (Tukey HSD) was performed with SPSS 18 software; p values \0.05 were considered to be statistically significant. For trypan blue, viability, DNA and GAG, NPC from two different animals were used and each experiment was performed in triplicates. After exclusion of the outliers, the normality of the data distribution was tested and Mann-Whitney test was performed with SPSS 18 software; only p values \0.05 (*) were considered to be statistically significant.
Results

Physical characteristics of HA-pNIPAM hydrogels
The molecular structure of the brush-like HA-pNIPAM macromolecule is reported in Scheme 1. The detailed synthesis procedure for the preparation of the HA-pNI-PAM polymers with different pNIPAM molecular weights is described elsewhere [25] . As reported in Table 2 , all polymer solutions (10% w/v in PBS) showed a low viscosity (g = 4.6-23.5 Pa s) at 25°C, with HApNIPAM20 composition being the most fluid one. Upon heating, a hydrogel is formed by the association of hydrophobic pNIPAM chains on the brushes. A gel point *31°C was measured for compositions HA-pNIPAM20 and HA-pNIPAM35, while HA-pNIPAM10 did not display a clear gel point. The storage modulus (G 0 ) and volume change showed a strong dependence on the pNIPAM molecular weight: HA with low pNIPAM Mn (gel HA-pNIPAM10) showed low G 0 and swelling in PBS, while HA with high pNIPAM Mn (gel HA-pNI-PAM35) showed high G 0 and shrinkage in PBS. Gel HApNIPAM20 had a relatively low G 0 (G 0 = 140 Pa) and almost no volume change upon gelling.
Cytocompatibility to NPC
The cell survival in the presence of HA, HA-pNIPAM or degradation products was [90% for the whole range of pNIPAM molecular weights and HA concentrations tested. In Fig. 1 , we report the cycompatibility measured after 48 h exposure to HA, HA-pNIPAM or degradation products with a HA concentration equal to 100 lg/mL, but similar trends were observed for the other HA concentrations (10, 20 and 200 lg/mL). Additionally, extensive HA backbone degradation induced NPC proliferation for both HA and HA-pNIPAM polymers. No significant differences in cell viability were found between 24 and 48 h of culture.
Scheme 1 Molecular structure of HA-pNIPAM NPC viability, morphology and extracellular matrix synthesis in HA-pNIPAM hydrogels HA-pNIPAM20 and HA-pNIPAM35 compositions were chosen for the study of NPC behaviour in the hydrogels, while the HA-pNIPAM10 composition was not further investigated due to its high viscosity at room temperature and high swelling and low stability at 37°C. As shown in Figs. 2, 3 , NPC viability after 1 day of culture was [80% in both hydrogel bead compositions. NPC viability in HApNIPAM20 hydrogels remained[80% also at days 3 and 7 of culture (comparable to alginate control). However, NPC viability in the HA-pNIPAM35 hydrogel decreased over time to 69 and 50% at 3 and 7 days of culture, respectively (Figs. 2, 3 ). Histological sections of the beads revealed that the characteristic rounded morphology of NPC was maintained in HA-pNIPAM20 hydrogel and alginate gel (Fig. 4) . Conversely, NPC in HA-pNIPAM35 hydrogel lost their rounded shape and appeared stretched.
Since HA-pNIPAM20 hydrogel maintained a high cell viability and healthy NPC morphology after 1 week of culture, this composition was chosen for further studies of NPC behaviour in the thermoreversible HA-based hydrogels. The amount of DNA in HA-pNIPAM20 beads decreased slightly over the week of culture (0.45 ± 0.18, 0.46 ± 0.03 and 0.31 ± 0.04 lg/sample at day 0, 1 and 7 of culture, respectively), while it was constant in alginate beads (0.39 ± 0.03, 0.40 ± 0.01 and 0.43 ± 0.03 lg/sample at day 0, 1 and 7 of culture, respectively). After 1 week of culture, the GAG/ DNA ratio was significantly higher for both HA-pNIPAM20 and alginate hydrogels (17.9 ± 1.7 and 23.5 ± 2.9, respectively) as compared to day 1 (10.9 ± 1.2 and 9.2 ± 2.9, respectively) ( Fig. 5) , while there was no significant difference between HA-pNIPAM20 and alginate gels. GAG and DNA were also measured in native nucleus pulposus tissue (from 20 bovine IVDs): DNA amounts of 0.05-0.1 lg/mg tissue and GAG contents of 50-100 lg/mg tissue were found, resulting in GAG/DNA ratios of 1,000-2,000. Gene expression of NPC cultured in HA-pNIPAM beads
Both gels induced re-differentiation toward the NP cell phenotype, as attested by the down-regulation of collagen I and up-regulation of aggrecan (Fig. 6) . MMP3, MMP13
and HAS2 were up-regulated more than ten times in both hydrogels as compared to subcultured NPC. Significant differences between the two gels were found for collagen I, collagen II, HAS1, HAS2 and ADAMTS4 regulation.
Injectability of NPC suspended in HA-pNIPAM
Both the HA-pNIPAM20 and alginate hydrogels were injectable through a 22-G needle. Cell viability at 24 h after injection was 90 ± 2% for the HA-pNIPAM hydrogel and 71 ± 9% for the alginate gels (Fig. 7) , confirming that the thermoreversible hydrogel can be used as an injectable cell carrier.
NPC seeded HA-pNIPAM culture in a whole organ culture model A well-defined NP cavity was created using a biopsy punch (Fig. 8a) . NPC introduced in the defect using HApNIPAM20 hydrogel as cell carrier were[90% viable over 1 week of culture (Fig. 8b, c) . The cell viability in the whole organ culture model was comparable to the one obtained for in vitro culture of HA-pNIPAM20 hydrogel beads. 3 Cell viability of nucleus pulposus cells assessed by trypan blue exclusion method after 1, 3 and 7 days of culture in HApNIPAM hydrogels (HA-pNIPAM20 and HA-pNIPAM35); #p \ 0.05 versus HA-pNIPAM20, *p \ 0.05 versus HA-pNI-PAM35 day 1. Cell viability was maintained in HA-pNIPAM20 hydrogel, while it dropped significantly in HA-pNIPAM35 hydrogel
Discussion
We have recently developed a set of hyaluronan-based thermoreversible hydrogels, which are cytocompatible and cover a wide range of mechanical properties [25] . The aim of this study was to investigate the potential of HA-pNIPAM hydrogels for NPC encapsulation and select a hydrogel composition suitable for NPC injection in the IVD. A stepby-step approach was used: first, the injectability of a NPC suspension in HA-pNIPAM hydrogels was tested to investigate the potential of these hydrogels in a minimally invasive approach and then NPC behaviour in HA-pNIPAM hydrogels was studied with respect to the extracellular matrix production and gene expression regulation.
The rationale for the choice of hyaluronan as the backbone of the hydrogels is that it represents a chief component of the extracellular matrix of the nucleus pulposus tissue of the intervertebral disc and is known to play a key role in tissue development, cell proliferation and migration [29] . While unmodified hyaluronan solutions are rapidly degraded in vivo, chemically modified, physically or chemically cross-linked hyaluronan has shown a better stability. The grafting of the thermoresponsive polymer pNIPAM on the hyaluronan backbone has two main advantages: it decreases the viscosity of hyaluronan solutions at room temperature [25] and allows for a mild gelling mechanism (by physical cross-links and without any toxic by-products or pH shift) which is compatible with cell encapsulation. Moreover, pNIPAM forms a gel below body temperature (*32°C). pNIPAM has shown good biocompatibility [30] and although it is not biodegradable, low molecular weight pNIPAM can undergo renal clearance [31] . The physical properties of the gels (storage modulus, G 0 at 37°C) have been reported in Table 2 and are comprised between 0.14 and 16 kPa. We did not perform a measurement of G 0 of nucleus pulposus tissue. However, from the literature, human nucleus pulposus G 0 is *5 kPa [19] . Therefore, our gels have comparable storage modulus to human nucleus pulposus tissue. Fig. 4 Representative images of toluidine blue staining of nucleus pulposus cells cultured for 7 days in a HA-pNIPAM20 hydrogel, b HA-pNIPAM35 hydrogel and c alginate gel. Scale bar 50 lm. The characteristic rounded morphology of nucleus pulposus cells was maintained in HA-pNIPAM20 and alginate hydrogels, while cells appeared stretched in HA-pNIPAM35 composition Fig. 5 Total sulphated glycosaminoglycan (GAG) content in the HApNIPAM20 hydrogel and alginate gel (constructs and media) relative to the amount of DNA; average and standard deviations are reported. An increase in GAG/DNA was found during the 7 days of culture without significant differences between the two gels Fig. 6 Gene expression profile of nucleus pulposus cells (NPC) cultured for 1 week in HA-pNIPAM20 or alginate gel. Real-time PCR data were normalized to house-keeping gene (18s rRNA) and are presented relative to nucleus pulposus cells subcultured to P1; viability median, quartile, maximum and minimum, *p \ 0.05 versus alginate. Compared to NPC in alginate gels, NPC in HA-pNIPAM20 hydrogel showed significant down-regulation of COL1 and COL2 and up-regulation of HAS1, HAS2 and ADAMTS4
In a previous study, we have shown that HA-pNIPAM and its degradation products are cytocompatible to the fibroblastic cell line h-TERT BJ1 [25] . In the present study, this was confirmed for NPC as well. Moreover, degraded HA-pNIPAM fragments induced NPC proliferation. A similar proliferative effect in the presence of HA fragment was found by Masters et al. [32] for valvular interstitial cells and in our previous study with h-TERT BJ1 fibroblasts [25] .
An adequate cell carrier for nucleus pulposus should maintain cell viability and promote extracellular matrix synthesis. Although both HA-pNIPAM20 and HApNIPAM35 ensured a high viability after 1 day, HApNIPAM20 gel yielded a significantly higher viability after 1 week of culture. This is probably due to the differences in volume change between the two gels: while HA-pNI-PAM20 hydrogel does not undergo a volume change upon gelling, HA-pNIPAM35 composition shrinks by *30%, which might be too high to ensure good NPC survival. Volume changes also affected the cell morphology and rounded NPC were observed in HA-pNIPAM20 gel, while an unusual stretched NPC morphology was found in HApNIPAM35 gel.
Cell viability after 1 week of culture was *90% in HApNIPAM20 hydrogels. Therefore, the slight DNA decrease is probably due to the loss of gel stability [33] , rather than cell death. The sulphated glycosaminoglycan synthesized by NPC cultured in the HA-pNIPAM hydrogels is comparable to alginate gels after 1 week of culture. Similar GAG/DNA ratios were obtained for nucleus pulposus cells in collagen I-hyaluronan hydrogels [17] and articular chondrocytes culture in cross-linked HA-PEG by Michael addition [33] or photocrosslinked methacrylated HA [34] . While these GAG/DNA values are at least 50 times lower compared to our native NP tissue, the amount of GAG produced by the NPC within 1 week of culture in hydrogel beads in medium without specific growth factor supplementation comes up to our expectations. Furthermore, the steady increase in GAG/DNA is encouraging; nonetheless longer term cultures will be needed to confirm this trend.
At the gene expression level, NPC cultured in HApNIPAM20 hydrogel conserved the NP phenotype, as attested by collagen I down-regulation and aggrecan upregulation. Moreover, the HA-pNIPAM20 hydrogel induced a significant up-regulation in HAS1 as compared to the alginate gel. When NPC were encapsulated in a 3D matrix, HAS2 was up-regulated as compared to monolayer cultured cells (HAS2/HAS1 was 9.8 and 32 for NPC cultured in HA-pNIPAM20 and alginate, respectively). The Fig. 7 Representative images of a nucleus pulposus cavity created in bovine intervertebral disc with endplates by punching (punch diameter 3.5 mm, length 7 mm) and red PKH26 labelled nucleus pulposus cells after recovery and staining with calcein AM at b day 1 and c day 7 of culture in HA-pNIPAM20 hydrogel; yellow delivered living cell, green living cell from the surrounding tissue, red dead cell. Scale bars a 10 mm, b-c 200 lm. Cell viability was maintained for at least 1 week, although a decrease in cell density was observed Fig. 8 Representative images of red PKH26 labelled nucleus pulposus cells (NPC) recovered and stained with calcein AM 24 h after injection through a 22-G needle of a NPC suspension in a HApNIPAM20 and b alginate gel; yellow living cell, red dead cell. Scale bar 200 lm. Cell viability after injection was higher in HApNIPAM20 hydrogel than in alginate gels different HAS2/HAS1 ratio in the two gels might be related to different rate and size of the HA produced by the cells [35] . Furthermore, the higher expression of MMPs in HApNIPAM20 gel might be related to the presence of short hyaluronan fragments [36] . Finally, the up-regulation of HAS1 and TIMP1 genes is advantageous in terms of disc regeneration as both genes are regarded as anabolic markers for disc matrix synthesis. Alongside, a strong MMP3 and MMP13 up-regulation was observed in this study. Since we have used tails from young animals (3-6 months calves), it is possible that there is a stronger degradation and rapid matrix turn-over as compared to older animals [37] . At this stage, it is difficult to make a definitive statement as there is a dynamic balance between anabolic/catabolic genes and further investigations are needed to better understand the anabolic/catabolic balance of NPC cultured in these materials.
Injectability is a key feature for minimally invasive surgeries. High molecular weight hyaluronan solutions are characterized by a high viscosity and, therefore, a strong pressure needs to be applied for the injection which is not compatible with cell delivery. Alternately, a thermoreversible hydrogel consists of a low viscosity hyaluronan solution that can be injected and that will gelify in situ. As a proof of concept, HA-pNIPAM hydrogels with molecular weight pNIPAM of 20 9 10 3 g mol -1 were injected though a 22-G needle. This needle size represents a compromise between a needle as small as possible to reduce further damage of the IVD and a needle large enough to avoid a too high shear stress of the NPC in the needle (viscosity of the thermoreversible hydrogel at room temperature: 4.6-23.5 Pa s). 20-G needles have already been used to inject hMSCs and platelet-rich plasma in mini-pig IVDs [38] , and 27-G needles have been used to inject MSCs and atelocollagen in rabbit IVDs [16] . A 22-G needle had been previously used for injection of mesenchymal stem cells embedded in hydrogel into cryopreserved bovine IVD [39] . Therefore, the 22-G needle size is within the usual range of needle sizes used for the injection of cell suspensions in viscous carriers. Additionally, bovine (and human) discs are bigger than rabbit or mini-pig discs, and, therefore, we can reasonably conclude that a 22-G needle may be used for injection purposes. The NPC survival in HA-pNIPAM20 at 24 h after injection was higher than in alginate gels, probably due to the mild gel formation mechanism of HA-pNIPAM. Indeed, while alginate gelling is based on ion cross-linking, the thermoreversible hydrogel gelling is due to the coil-to-globule transition of the pNIPAM segment, leading to hydrophobic associations of the pNIPAM chains. The chosen HA-pNIPAM composition (pNIPAM Mn = 20 9 10 3 g mol -1 ) undergoes no volume change upon gelling, meaning that the interand intra-polymer chain associations are balanced [25] .
Therefore, the cells would undergo only a mild change of their surrounding upon gelling.
Whole organ culture models represent the most clinically relevant setup for the evaluation of regenerative therapies prior to in vivo studies [40] . Indeed, these ex vivo models add additional, tissue/organ-specific parameters to conventional in vitro cell culture studies. In the case of the intervertebral discs, such parameters include hypoxic environment, limited diffusion of nutrients, anabolic and catabolic agents, presence of chemokines and other factors. As a further step, bioreactors can be used to simulate the loading regimes to which IVDs are subjected in the body [40] . Therefore, in spite of certain limitations such as the absence of systemic reaction and difficulties in maintaining the organ viability for long terms, to date ex vivo cultures are the closest model to the in vivo situation [40] . In this study, the ability of HA-pNIPAM20 composition to form a gel in situ and maintain viable cells was studied over 1 week in an ex vivo model. The results confirm the in vitro findings with HA-pNIPAM20 composition forming a gel in a NP cavity and cells being viable for at least 1 week allowing for more extended evaluation using a whole organ IVD bioreactor system; however, long-term evaluations would be an essential step prior to in vivo testing.
Conclusion
In conclusion, the thermoreversible hydrogel provides an injectable carrier for NPC that maintains their phenotype and promotes extracellular matrix generation. The main limitations of this study are related to the short-term culture period. Longer-term NPC cultures will be needed to assess the expression of anabolic genes at the protein level, the GAG/DNA evolution as well as the stability of the thermoreversible hydrogel with time.
